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Similar forces of selection operating on multiple taxa can cause convergent 
evolution of quantitative traits. When those same forces of selection occur across an 
environmental gradient a phenotypic cline may evolve. I have conducted an experiment 
in central Texas to test whether seed oil melting points and proportions of saturated fatty 
acids have repeatedly evolved to germinate as predicted by  theory.   Species with lower 
seed oil melting points and proportions of saturated fatty acids should germinate at cooler 
temperatures than ones that germinate at warmer temperatures.  Field observations were 
conducted at two sites for one year to characterize germination temperatures of sixteen 
species. Gas chromatography was utilized to describe the fatty acid compositions and 
melting points of those species’ triacylglycerol (oil) stores. The field sites produced 
conflicting results. At one site, all analyses supported the theory.  Whereas evidence from 
the other site either contradicted expectation or was equivocal.  Likewise there was some 
evidence that plants with annual life histories are under stronger selection to evolve 
 melting points that approximate germination temperature than species with perennial life 
histories. Finally, evidence was found that a higher level of variation in seed oil melting 
point and percent of saturated fatty acids is maintained in species that germinate at low 
temperatures relative to species that germinate at higher temperatures. 
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 Introduction 
Quantitative traits that have heritable variation within a population and affect an 
organism’s fitness evolve by means of selection. Where selective pressures are similar 
convergent evolution of phenotypes may occur (Hu et al 2003; Ackerly and Donoghue 
1998; Omeland and Lanyen 2000; Keeley and Bond 1997) and variation in selective 
pressures along an environmental cline may cause the evolution of phenotypic gradients 
(Haldane 1948, Slatkin 1973; Nagylaki 1975; Streisfeld and Kohn 2005; Franke et al 
2006; Stinchcombe et al 2005).  
Linder (2000) presented evidence that angiosperms that package their energy 
stores in the form of triacylglycerols (TAGs) have repeatedly evolved lower amounts of 
saturated fatty acids (FAs) at higher latitudes. TAGs are composed of three FA chains 
bound to a glycerol backbone via ester linkage. Higher latitude species and populations 
within species consistently have lower relative proportions of saturated FAs than those at 
lower latitudes. The theory to account for this pattern, originally put forward by Linder 
(2000), involves a tradeoff between the total energy stored in a seed and the rate at which 
that energy can be accessed. Saturated FAs are less costly to produce and yield slightly 
more energy per carbon than unsaturated FAs of the same chain length. All else being 
equal, a saturated fatty acid TAG of a given chain length will store more energy than a 
TAG that has some level of desaturation (Lehninger 1993). 
However, for a given FA chain length, saturated FAs have much higher melting 
points than unsaturated FAs (Eckey 1954; Hilditch and Williams 1964). Since TAGs can 
be processed much more rapidly in liquid phase than in solid phase (Huang 1992; Miquel 
1994, Thompson and Li 1997), it is predicted that as germination temperatures decrease 
 there should be selective pressure acting on seeds’ TAG melting points (MPs) to be lower 
than the temperature at which the seeds normally germinate.  
During seasonal flushes of germination, there is often competition between 
seedlings for available space, water, light and nutrients. Under such conditions a seed 
must be able to rapidly and efficiently utilize its energy (in the form of TAGs) so that it 
may emerge from the soil as quickly as possible to monopolize as much sunlight as 
possible. Earlier germination and more rapid growth would also allow roots to dominate 
below ground for acquiring water and nutrients. If a seedling is unable to rapidly and 
efficiently access its energy and establish itself it may be crowded out by earlier and 
faster growing germinants. This could cause a seedling either to fail to reach reproductive 
maturity or to be limited in its reproductive capacity later in life (Rees and Long 1992; 
Westoby et al 1992). 
If a seeds oil is in solid phase because the TAG MP is higher than the temperature 
experienced in the soil at the time of germination that seed may be at a competitive 
disadvantage relative to its conspecifics that are able to make full use of their seed energy 
stores (Knutzon et al 1992; Linder and Schmitt 1995; Thompson and Li 1997; Linder 
1998). For this reason the theory proposes that plants will not maximize their level of 
saturated FAs. Rather they are expected to optimize the mix of FAs to provide the most 
possible energy while possessing a MP that allows the TAGs to be in liquid phase at the 
time of germination. This appears to be accomplished most often by changing the 
saturated/unsaturated FA ratio in TAGs. Even though shorter chain FAs have lower 
melting points than longer chain FAs, the difference in melting point between FAs with 
different levels of desaturation is much greater. For example, the difference between the 
 melting points of stearic acid (18:0) and palmitic acid (16:0) is 6.6 C but the difference in 
melting points between 18:0 and oleic acid (18:1) is 56.1 C. Therefore, changing the 
proportion/percentage of saturated fatty acids in TAGs has the strongest effect on MP. 
For this reason, proportion of saturated fatty acids has been used in previous studies as a 
proxy for MP (Linder 2000). In this study, I used both the percentage of saturated fatty 
acids (PSFA) and MP as dependent variables in regression analyses to see if PSFA 
consistently provided similar results to MP.  
This theory was first tested over a latitudinal cline. It was demonstrated that seed 
oil MP has an inverse relationship to latitude across a wide array of species, and across 
different populations of individual species (Helianthus annuus, Helianthus maximiliani 
(Linder 2000)). A corollary of the theory is that diverse plant species at the same latitude 
should converge on similar melting points if they germinate at similar temperatures. 
I propose that convergent evolution operates at a geographic location such that 
plant species growing there exhibit a positive relationship between seed oil MP/PSFA 
and temperatures at germination. I, therefore, conducted field observations at the same 
latitude at two sites over the course of one full year to characterize the germination 
temperatures of as many plant species as possible and determine whether species 
germinating at similar temperatures had similar seed oil MPs. Seeds were collected from 
those species for which observations of germination and emergence were made. Gas 
chromatography was used to characterize seed oil composition, MP and PSFA for these 
species. Least squares linear regression analyses were performed to test the hypothesized 
relationships between seed oil MP and germination temperature. This study differs from 
 previous studies in that seed germination temperatures have been measured in the soil 
and used in the analyses instead of their proxy, latitude. 
First, I predict that species growing at a single location that germinate at lower 
temperatures will possess seed oil MP and PSFA that are lower than species at the same 
location that germinate at higher temperatures. This prediction is a direct consequence of 
the theory of seed oil evolution. Second, I predict that species in central Texas that can 
germinate at low temperatures will exhibit a higher level of variability in seed oil MP and 
PSFA than species that only germinate at higher temperatures. The timing of spring rains 
in central Texas varies widely from year-to-year. Therefore, species that germinate as 
early as possible in the spring are likely to experience a wide range of germination 
temperatures depending on when the first rains fall. Because of this, I expect early 
germinating species will have a bet-hedging strategy for their seed oil MPs and PSFAs, 
producing a fairly wide range of seed oil MPs and PSFAs to better take advantage of 
rains when they come. In contrast, species that germinate later at hotter temperatures 
have a narrower range of possible temperatures when rains will arrive. They should, 
therefore show less variation in their seed oil MPs and PSFAs. 
Finally, I predict that the strength of selection on seed TAG MP varies by a 
species’ life history category. Rapid early germination will be under stronger selection in 
plants whose competitive relationships are more strongly affected by germination timing 
and early growth rate. Therefore selection should be strongest on annual species that only 
have a single opportunity to reproduce and weakest on tree species where timing of 
germination likely has little or no effect on fitness. Rather, for trees, other factors such as 
 random appearance of light gaps may play a much greater role in determining a plant’s 
fitness. Herbaceous perennials should likewise be under weaker selection than annuals.  
 I compared least squares linear regression analyses performed on annual and 
perennial species to determine if there are significant differences in the strength of the 
theorized relationship between seed oil MP and germination temperature between these 
two life history categories.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Materials, Methods and Analyses 
 
 
Research Locations 
 
Research was conducted at two sites in Travis County in central Texas (Table 1). 
The site Travis-13 (T-13) was chosen from locations made available through Texas 
Ecolab, an organization that facilitates partnerships between private landowners and 
researchers in central Texas. T-13 was selected because it was not excessively 
ecologically degraded and was easily accessible from central Austin. T-13 is composed 
of oak-juniper woodland interspersed with meadows, a common eastern Hill Country 
habitat. It is located on the south side of a hill and runs down to Bull Creek. 
The second site, Brackenridge Field Laboratory (BFL), is a facility operated by 
the University of Texas Austin and is accessible to its researchers for biological studies. 
BFL is located on the north shore of the Colorado River just below the dam for Lake 
Austin. Observations at BFL were conducted within the Experimental Garden, an area 
fenced to prevent browsing from deer. 
 
Experimental design 
Seedling emergence observations were carried out from 10/26/2010 through 
10/31/2011. Over the duration of the study three plots were created and followed, two 
plots at T-13 and one at BFL. Locations of plots within a field site were selected based on 
two criteria. First, plot locations were not dominated by homogenous stands of invasive 
species, such as Bothriochloa ischaemum. Second, plots were not established under direct 
canopy cover. Canopy cover discourages germination of some species via filtration of 
sunlight (Van Tooren and Pons 1988) and would thus possibly limit the quantity and 
 variety of species germinating within plots. Plots were established within patches that 
were large enough for plots to be unaffected by tree shading.  
 Each plot was comprised of four 0.25 m2 (0.5 m. by 0.5 m.) replicates (Figure 1). 
Each replicate was demarcated by four wooden dowels and circumscribed by twine. Half 
of the replicates were subjected to a disturbance treatment and half were not disturbed. 
Disturbance treatment consisted of turning the soil over with a spade and 
removing large vegetative structures such as runners and stems. Vegetative reproductive 
structures were removed to allow for maximum space and resources for germinating 
seeds and to ease distinguishing seedlings from perennial regrowth. A 0.5-m wide 
disturbed buffer zone was created surrounding disturbed replicates to mitigate edge 
effects. 
 Replicates that received the same treatment were adjacent to each other, separated 
by a distance of 0.5-m. Replicate pairs that received different treatments were constructed 
no further than five meters apart.  
 
Collection of weather data 
 Temperature and precipitation data were collected for both sites. Temperature 
recordings were made using EL-USB-1 Temperature Data Loggers (Lascar: 4258 West 
12th Street, Erie, PA, 16505, United States). Within each plot, one data logger was buried 
within the disturbed treatment and one within the undisturbed treatment. Data loggers 
were buried beneath approximately 1.5 cm. of soil in the 0.5 m space between replicates 
of the same treatment. Due to erosion, data loggers in the disturbed treatments were 
periodically re-buried to maintain the desired soil depth. Data loggers were buried to 
 record temperatures as close as possible to those experienced within the seed bank rather 
than more extreme soil surface temperatures generated by direct solar radiation. 
Temperature data was collected at twenty-minute intervals for the duration of the field 
study.  
Precipitation data were collected for both sites. Precipitation date and amount was 
obtained from the Great Hills Weather Station for T-13, and from the Brackenridge Field 
Laboratory Weather Station for BFL. 
 
 
 Observation of emergence and species identification 
 
The date each plant was observed to emerge within experimental plots was 
recorded. Each individual was marked with a sequentially numbered white plastic 
toothpick as it was observed to emerge from the soil. Immediately following observation 
of emergence and marking, identification numbers were recorded in association with date 
and location of emergence. When an individual was sufficiently mature for positive 
identification, a specific epithet was recorded for each plant. Numbered markers were 
removed after plants were identified because accumulation of a high number of markers 
could conceivably have effected plant growth and germination.  
Because field plots were censused approximately once every three days, seedlings 
did not necessarily emerge on the date they were first observed. Emergent seedlings with 
cotyledons that were still yellow, or with hypocotyls not yet erect were recorded as 
having emerged on the day of observation. Emergence of all other seedlings was recorded 
as the day prior to observation. 
 Due to high mortality rate of emergents, not all individuals were positively 
identified while still alive. Some flowered and could be keyed using floral characteristics 
(Table 2). Using these individuals, many emergents that did not live to flower could be 
identified using various vegetative characteristics. Individuals that were identified using 
floral characteristics or by vegetative characteristics are termed “positively identified”.  
Some individuals could not be positively identified. It was unfeasible to use 
genetic methods to identify these seedlings, so inference of individuals that were not 
positively identified was attempted based on proportions of positively identified 
emergents on each particular date of emergence in each replicate (inference-by-
proportion). Inference-by-proportion assumes that overall germination proportions of 
species within a replicate are equal to species proportions among the positively identified 
individuals for the same date. Inference-by-proportion is less certain than positive 
identification, therefore, preliminary analyses were performed including and excluding 
proportionately assigned emergents to assess the appropriateness of their inclusion into 
final analyses.  
 
Seed collection 
Seeds were collected from mature fruits at both sites on a per maternal plant basis 
and stored in paper coin envelopes at room temperature. Fruit and floral types varied 
between species (Table 2). Individual seeds or fruits were not catalogued separately 
because it was not possible for species that possessed tightly compact or fused 
inflorescences (Table 2). When possible, seeds were collected from individuals along 
transects of the populations containing the experimental plots. In instances where a 
 species grew only sparsely in the population that included the plots, the area nearby the 
plot was thoroughly searched for members of the species bearing mature fruit (Table 2). 
Seeds were collected from individuals as close to experimental plots as possible. If the 
populations of plants involved in this study had significant amounts of structure then 
sampling seeds in close proximity to experimental plots helped to ensure that the seed oil 
data from the collected seeds was as representative of the individual plants that emerged 
within the experimental plots as possible. With the exception of Medicago minima, seeds 
were collected exclusively from the populations in which each species was observed to 
emerge (Table 2). Seeds of Hedeoma hispida and Evolvulus sericeus were collected only 
from T-13 even though they were observed at both sites (Table 2).  
 
Fatty acid extraction and gas chromatography analysis 
 
Fatty acid composition was determined using gas chromatography (GC). One 
extraction was made per maternal plant. The number of seeds used in each extraction 
depended upon the size of each species’ seeds (Table 2). When possible, single seeds 
were analyzed. Otherwise 4-6 seeds were used per extraction. For fatty acid extraction 
seeds were placed in glass 250 µl flat bottom inserts, nested inside crimp top vials. Seeds 
were crushed using a flat-ended glass rod. The rod was sterilized using an alcohol lamp 
between each sample. Approximately 200 µl of transesterification solution, composed of 
75% hexane, 20% chloroform and 5% 0.5M sodium methoxide in methanol was added to 
each glass insert after the seeds were crushed. Transesterification solution breaks the 
ester linkages between FAs and their glycerol backbone, converting them into fatty acid 
 methyl esters (FAME). The seeds were crushed again in solution before vials were 
sealed. 
Gas chromatography was performed on a Hewlett-Packard 5890 gas 
chromatograph, and analyzed using HP Chemstation software (revision update A.04.01 to 
A.04.02 August 1996). An HP 6890 series injector with HP auto sampler (model # 
18596C) was used to automate multiple samples within runs. The GC column (SGE 
analytical sciences, 2007 Kramer Lane Austin, Texas) used was 30 m in length and 0.25 
mm in internal diameter (BPX70). Injection and detector temperatures were 350 C and 
275 C respectively. A flame ionization detector was used. The initial oven temperature 
was 180 C for 5.5 minutes and then increased by 10 C/min to a final temperature between 
200 and 240 C. The final temperature was held for 30 seconds. For each species, the final 
temperature of a run was determined by running preliminary samples. Preliminary runs 
always had a final temperature of 240 C. For those species whose FAs were short enough 
to all emerge by either 8 or 10 minutes, run times were decreased by setting the 
maximum temperature to 200 C. or 220 C, respectively. Two injections were made per 
sample to assess run-to-run variation.  
FA identity was determined with FAME standard 189:19 (Sigma-Aldrich Co., 
3050 Spruce Street St. Louis, MO.), which was run at the start of each set of injections. 
The peaks in the output from the experimental samples were compared to the known 
peaks of the FAME standard to determine their identity. Plantago helleri possessed a 
fatty acid not present in the 189:19 FAME standard (isoricinoleic acid) so its FA 
composition was crosschecked with compositions already available in the literature for 
close relatives in the same genus (Jamal et al 1987). 
  
Estimation of seed oil melting point 
 Melting points (MPs) of the oils from individual GC samples were estimated by 
calculating a weighted average of their FAs’ melting points. Melting points of each 
constituent FA were weighted by their proportion in the seed oil (Malkin 1954).  
 
Assignment of melting points and percentages of saturated fatty acids to emergents 
Seed oil compositions of emergents could not be known because the 
measurements require destructive sampling. Therefore, I assigned estimated TAG MPs 
and PSFA to individual emergents of a species using two methods: one biased to favor 
the hypothesis that MP and PSFA are selected by germination temperature and an 
unbiased assignment that made no assumptions about the relationship between MP/PSFA 
and temperature. Using distributions for MP and PSFA from the GC analyses, I estimated 
γ-distribution parameters for the distributions of each variable for each species 
(SYSTAT; fit continuous distribution). I then simulated distributions of MP and PSFA 
for each species (SYSTAT; Addons > Monte Carlo > Random Sampling > Univariate 
Continuous). Sample sizes were set equal to the number of positively identified 
emergents for each species. MP and PSFA values were simulated separately for the data 
sets of positively identified emergents and positively + proportionately identified 
emergents using the same distribution parameters. GC data for species that were collected 
from multiple sites were either pooled or analyzed separately for the purpose of 
simulating MP and PSFA to be used in final analyses depending on whether distributions 
of MP and PSFA were significantly different between the two sites.  MP and PSFA were 
 not normally distributed therefore appropriateness of pooling oil composition data across 
collections site was assessed using Mann-Whitney U tests (SYSTAT) (Table 3). 
For biased assignment the following procedure was used. For each species, the 
simulated MP and PSFA data were ranked in ascending order. Also, for each species, 
emergents were ranked in ascending order by average temperature of the day prior to 
emergence. Temperatures from the day prior to emergence were used rather than other 
available temperature measures because it was determined through preliminary analyses 
that temperatures from the day prior to emergence best predicted the theorized 
phenotypic relationships when used as the dependent variable in analyses (see below). 
Average temperature was used because doing so generated fewer ties in rank than 
minimum temperature. MP and PSFA values were then assigned to the emergents of the 
correct species with corresponding rank. Within the biased data set the emergent within 
each species that germinated at the lowest temperature was also assigned the lowest 
values for MP and PSFA for that species. Likewise, within the biased data set the 
emergent within each species that germinated at the highest temperature was assigned the 
highest values for MP and PSFA for that species. For the unbiased assignment of MP and 
PSFA to emergents, the randomly generated values for the variables were assigned to the 
emergents rank-ordered by average temperature of the day prior to emergence.  
Because each regression is performed on an assemblage of species, biasing the 
infraspecific data may or may not have a significant effect on the overall trend of the 
interspecific data (Figure 2). Assemblages of species can potentially show positive or 
negative trends when MP or PSFA values are assigned to cases in either a biased or 
unbiased fashion relative to germination temperature. Goodness of fit is improved by 
 infraspecifically biased assignment of MP/PSFA when the over all trend is positive 
because the each specie’s relationship between MP/PSFA and germination temperature is 
forced to be positive and thus be similar in slope to the overall trend of the data. 
Goodness of fit however should be diminished by infraspecific biased assignment of 
MP/PSFA if the over all trend of the data is negative. When the slope each species’ data 
is forced to be positive the average distance of each point from an overall negative trend 
line should increase, thus diminishing goodness of fit for the over all model. 
 
Preliminary regression analyses 
 Several combinations of each site’s data were subjected to preliminary analyses to 
assess the effects of using different datasets and assumptions on the relationship between 
germination temperature and either MP or PSFA in seeds and determine which data 
would be used in final analyses. Relationships were tested using least squares linear 
regression (SYSTAT).  
 
Positively identified emergents vs. positively + proportionately identified emergents 
To assess the effect of including emergents whose identities were inferred-by-
proportion, analyses were performed with and without the proportionately identified 
emergents. If using both categories of emergents gave similar results to using only 
positively identified emergents, analyses would be conducted using both categories to 
provide more power to detect significant trends. The results indicated that the inclusion of 
proportionately identified emergents often changed the relationship between germination 
temperature and MP or PSFA (e.g., Fig 3). This was true whether the biased or unbiased 
 data set was used and whether all of the data were pooled or separated by site and/or life 
history category. Since the positively identified emergent data are much more reliable, all 
subsequent analyses were conducted using only the positively identified emergents. 
 
Effect of soil treatments 
With the exception of Verbena canescens and Rudbeckia hirta every species that 
emerged within the undisturbed treatment also emerged within the disturbed treatment 
(Table 4). The relative proportions of species that germinated within both treatments 
varied considerably. I tested the legitimacy of pooling data across treatments by 
performing least squares linear regression analyses on all combinations of treatment 
category (disturbed and undisturbed), dependent variable (MP and PSFA) and 
independent variable (minimum and average temperature on the day prior to emergence) 
pooled across life history category using the biased data set. These independent and 
dependent variables were shown in preliminary analyses to be the predictors that most 
often had the strongest positive relationships between germination temperature and seed 
oil MP and PSFA. 
In all but one combination of variables trends are positive and significant (Table 
5). The one combination that did not have a significant positive relationship (p = 0.075)  
trended positive. Because all regressions trended in the same direction and only one test 
was not significant data were pooled across soil treatment in all further analyses.  
 
 Biased vs. unbiased assignment of MP and PSFA 
 To test the effect of different methods of assigning MP and PSFA to emergents 
within a species, analyses were performed using biased and unbiased data sets. In the 
final regression analyses between MP or PSFA and minimum or average temperature, 
data pooled and separated by site and/or life history category relationships were first 
tested using the biased data set then compared to analyses utilizing the unbiased data set. 
This allowed for assessment of whether the results are robust if germination within 
species does not conform to the assumptions of the biased assignment method.  
 
Estimation of germination date and independent variable selection 
 Because the time that a seedling emerges from the soil is not necessarily the same 
as the time that it germinates I determined which dates prior to emergence the soil 
temperatures most consistently fit the expected relationship between temperature and MP 
and PSFA. I compared multiple least squares linear regressions performed using different 
temperature measures as independent variables. All regressions were performed on the 
unbiased data set since it makes the least infraspecific assumptions about the relationship 
between temperature and timing of germination. 
 Because nearly all emergences occurred a few days after precipitation events, I 
tested the relationship between temperature and MP and PSFA from five days: day of 
emergence, 1, 2 and 3 days prior to emergence and the most recent date of precipitation 
prior to emergence (MRDP). In addition, because seeds might be cueing on diurnal 
maximum, minimum or average temperature, I tested the relationship of MP and PSFA to 
each temperature measure. Thus, fifteen temperature-by-date combinations were assessed 
 as independent variables for regression analyses against both dependent variables. The 
most appropriate combinations were those that most often showed the strongest and most 
significant relationships between the germination temperature and either MP or PSFA.  
 Average and minimum temperatures consistently predicted significantly positive 
relationships with MP and PSFA (Table 6). Maximum temperature only predicted either 
negative or non-significant relationships with MP and PSFA. Therefore only average and 
minimum temperatures were used in final analyses. 
 The first day prior to emergence possessed the lowest rank sum of regression 
coefficients between the four combinations of MP, PSFA, minimum temperature and 
average temperature (Table 7). Therefore, the day prior to emergence was the best fit 
overall to the hypothesized relationship between temperature and MP and PSFA. Average 
and minimum temperatures from the day prior to emergence were used as the 
independent variables in all final analyses. 
 
Analyses excluding Croton monanthogynus 
 The most typical pattern of germination timing observed within a single species 
was for a flush of germination to occur following a single precipitation event. This 
pattern of germination suggests that these species germinate in response to more factors 
than only precipitation because there were instances when water was available when 
germination did not occur. Croton monanthogynus is the only species observed in this 
study that did not follow this pattern of germination timing. It was observed to emerge 
consistently over three months (January- March) and also experienced another flush of 
germination in May (Figure 4). For this reason, Croton monanthogynus emerged over a 
 wide variation in temperature. The relative independence of germination events from 
temperature for C. monanthogynus suggests that it may not have evolved in the same way 
as the other species in response to the selective pressures proposed by Linder’s theory. I, 
therefore, also conducted analyses excluding C. monanthogynus for analyses pooled and 
separated by field site and/or life history category. 
 
Final analyses 
 Based on the results of preliminary analyses, final analyses were performed on 
data pooled across soil treatments and using only positively identified emergents. Full 
analyses were performed first using the biased data set and then compared to the 
corresponding analyses performed using the unbiased data set. 
Relationships between average and minimum germination temperature and both 
MP and PSFA were tested using least squares linear regression (SYSTAT). Tests were 
performed on data pooled across life histories and for all combinations of site, 
independent variables (average and minimum temperatures of the day prior to 
emergence) and dependent variables (MP and PSFA). 
Directional t-tests (SYSTAT) were performed to determine if plant species that 
germinate at lower temperatures exhibit higher levels of variance in seed oil MP and 
PSFA than species that germinate at higher temperatures. Species were assigned to either 
low-temperature or high-temperature germination categories based on the average 
temperatures at which each species geminated. The infraspecific averages of minimum 
temperature on the day prior to emergence were used to assign each species to its 
appropriate germination temperature class. There was a large gap in the distribution of 
 species-average minimum temperatures on the day prior to emergence. No high-
temperature germinating species had an average minimum temperature on the day prior 
to emergence below 24 C no low-temperature germinating species had an average 
minimum temperature on the day prior to emergence above 11.13 C. 
 Least squares linear regressions (SYSTAT) were performed and compared 
between species of different life histories in all combinations of site, independent 
variables (average and minimum temperature of the day prior to emergence) and 
dependent variables (MP and PSFA). Annuals and perennials were analyzed separately.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Results 
 
Temperature and precipitation 
 
 Conditions at both sites were similar but not identical through out the duration of 
this study (Figure 5, Table 8). Overall averages of minimum and daily average 
temperatures were consistently lower at T-13. Over the course of the experiment, BFL 
received substantially more rainfall than T-13 (58.44 mm). Three substantial rainfalls 
occurred at BFL that did not occur at T-13. Rain events that were common to both sites 
were usually of similar amounts. Both sites were presumably equally affected by the 
intense drought experienced locally during 2011. 
 BFL experienced 5 days when the average temperature in the seed bank was less 
than 5 C. T-13 experienced 10. BFL experienced 59 days when average temperature in 
the seed bank was greater than 40 C. T-13 experienced 50.  
 Minimum, average and maximum temperatures tracked each other at the two sites 
with major temperature changes happening virtually in synch. Average temperature 
experienced the least fluctuation from day to day. Maximum temperature experienced the 
greatest changes from day to day, showing large spikes and drops over short periods of 
time. 
 
Species composition in plots 
 
 A total of 16 species were positively identified among the seedlings that emerged 
in the plots (Table 2). Of these species 10 were annuals and 6 were perennials. A total of 
2,805 seedlings emerged within the experimental plots (1,871 at T-13, 934 at BFL); 664 
were positively identified (422 at T-13, 242 at BFL). Only C. monanthogynus, Hedeoma 
hispida, Evolvulus sericeus and Oxalis dillenii occurred at both sites. All other species 
 occurred only at one site (Table 2). The majority of seedlings could not be positively 
identified (76.3%) because they died before any true leaves were produced and did not 
have cotyledons that distinguished them from other species. All species identified within 
the experimental plots were also observed in the communities surrounding the plots. 
Complete censuses of vegetation in those communities were not conducted; however, 
many species within these communities were not observed to germinate within the 
observational plots. Some of the more common species that did not emerge in the plots 
included Lupinus texensis, Asclepia asperula, Opuntia macrorhiza, Liatris spicata, 
Ratibida columnifera, Gaillardia pulchella and Melampodium leucanthum. 
 
Emergence 
The majority of emergence occurred between October and March (90%), the 
cooler, wetter months of the year. Overall, 96.6% of emergence occurred within one 
week of precipitation events. Germination was extremely limited during the hot and dry 
summer experienced in central Texas during 2011.  
Two general types of distributions of germination timing were observed; rapid 
post-rain flushes associated with one or two precipitation events and more sustained 
germination due to germination following a larger number of precipitation events that 
occurred throughout a season (Figure 4). All species except for Croton monanthogynus 
had the first pattern. Croton monanthogynous exhibited a sustained period of germination 
following multiple precipitation events throughout a period of months without a distinct 
dominant peak in the distribution. 
 
 Germination temperature 
 
Wide variation was observed in the estimated temperature of germination across 
species (Table 9). Using the day prior to emergence as an estimate of germination date, 
germination occurred at daily average temperatures as low as –3.0 C (Erodium texanum) 
and as high as 37.9 C (Neptunia lutea).   
 
Gas chromatography analysis 
 A variety of seed oil compositions were measured by gas chromatography for the 
16 positively identified species (Table 10). Fatty acids having 16 and 18 carbons were 
common in all species. All species had detectable quantities of palmitic acid (16:0), oleic 
acid (18:1) and linoleic acid (18:2) and all species possessed stearic acid (18:0) although 
it was only present in trace amounts in H. linearifolia. Palmitoleic acid (16:1) was only 
observed to be present in X. dracunculoides.  
Fatty acids of less than 16 carbons were found only in E. sericeus (14:0), and fatty 
acids of greater than 18 carbons were found in only L. hudsonioides (20:0) and N. lutea 
(20:0 and 20:1).  
Average melting points ranged from 3.04 C (C. monanthogynus) to 18.93 C (H. 
hispida). Average PSFA ranged from 11.2% (C. monanthogynus) to 29.8% (E. sericeus) 
(Table 10). 
 
The relationship between germination temperature and MP and PSFA 
Data pooled across sites- Using the biased assignment of MPs and PSFAs, pooled across 
soil treatment, site and life history, least squares linear regressions of MP and PSFA on 
 temperature the day before emergence (average and minimum) support the central 
hypothesis of this study. All four combinations of MP and PSFA and average and 
minimum temperature are strongly significant (p-value < 0.001 in all cases) and have 
positive slopes as predicted. The models only explain a small amount of the variation (R2 
values between 0.084 and 0.090; Table 11). For either MP or PSFA, the independent 
variables average and minimum temperature produce similar R2 values. Average 
temperature produces steeper slopes than minimum temperature. 
 When the same analyses are performed using unbiased assignment of MP and 
PSFA all of the results remain strongly significant (p-value < 0.001), but slopes and R2 
values are reduced (Table 12). The reductions were proportionately greater for average 
temperature than for minimum temperatures. 
 
Data analyzed by site- When each site’s results were analyzed separately under the same 
conditions as the complete data, whether using biased or unbiased assignment of MP and 
PSFA, only the T-13 site had significant slopes in the predicted direction (Tables 11 and 
12). The models for T-13 explained between 2.73 and 5.38 times more of the variation in 
the data than the models on the overall data set. In all cases except PSFA regressed on 
average temperature for the biased data set, BFL had significant slopes in the direction 
opposite to that predicted. The one exception had a slope statistically indistinguishable 
from zero. The models for BFL always explained less of the variation in the data than 
those for T-13 (between 1/60 and 1/3). 
  There were some consistent differences in the results from the biased and 
unbiased data sets. First, the positive slopes for T-13 were smaller for the unbiased data 
 and the negative slopes for BFL were slightly closer to zero for the biased data. Second, 
R2 values were consistently smaller for the unbiased data sets. 
The site-specific results show clearly that the overall positive relationship 
between germination temperature and MP/PSFA was driven by the data from T-13. In all 
cases T-13 exhibits the pattern predicted by theory, with larger regression coefficients 
and R2 values than when data are pooled across site.  
 
Analyses excluding C. monanthogynus – With C. monanthogynus removed, data pooled 
across site and life history categories conform less to predictions than when it is included 
(Tables 13 and 14).  With out C. monanthogynus included in the tested sample, all four 
relationships between minimum and average temperature and seed oil MP/PSFA tested 
on the biased data set have lower regression slopes, and all but one have lower R2 values. 
Results from BFL and T-13 respond differently to the exclusion of C. 
monanthogynus (Tables 13 and 14). Tested relationships between germination 
temperature and MP/PSFA at BFL show little change when C. monanthogynus is 
excluded. Corresponding tests at T-13 yield regression slopes and R2 values that are 
consistently lower when C. monanthogynous is excluded. 
 
Relation between variance of MP and PSFA and germination temperature 
The species in this study fell into two clear germination temperature categories 
based on minimum germination temperatures (Figure 6).  
 The level of variance in MP and PSFA among low-temperature germinating 
species is significantly higher than among high-temperature germinating species (Table 
15). 
 
Effect of life history 
Iteroparous species are expected to be under less selection pressure than 
semelparous species because their lifetime fitness should be determined less by their 
competitive rank in their first year. Regression analyses (SYSTAT) were performed on 
annual and perennial life histories to see if model fits on positive slopes of annuals were 
better than for perennials. 
 
Data pooled across sites - Whether MP and PSFA showed the expected pattern of model 
fit depended on which temperature measure was used as the independent variable (Tables 
16 and 17). For minimum temperature the results were consistent with the hypothesis that 
annuals have better model fits than perennials. Annuals had significant positive slopes 
with much better model fits than perennials, which had slopes indistinguishable from 
zero. This was true whether MP or PSFA were assigned in biased or unbiased fashion. If 
average temperatures were the independent variable, the results were the opposite of 
predictions: perennials either had better model fits than annuals or model fits very similar 
to annuals. Both life histories had significantly positive slopes. 
 
Data analyzed by site - When the same analyses were performed on data partitioned by 
site, the results were more complex. For T-13, all the analyses for minimum temperature 
 had significant positive slopes (Tables 16 and 17), and annuals consistently had better 
model fits than perennials for both MP and PSFA. Results for analyses using average 
temperature depended on whether biased or unbiased assignments were used. For biased 
assignments, annuals had better model fits than perennials, whereas for unbiased data, 
model fits were approximately the same for both life history categories. 
 For BFL, all of the analyses failed to support the hypothesis that annuals would 
have better model fits on positive slopes than perennials. The annuals consistently had 
significant negative slopes (opposite of prediction), whereas the perennials had negative 
or flat slopes when minimum temperature was used and significantly positive slopes 
when average temperature was used. 
Data from T-13 show significantly positive relationships among annuals and 
perennials. Regressions of annuals at T-13 have slopes between 0.248 and 0.416, and R2 
values indicating that germination temperature is explaining between 21.6% and 36% of 
the variation observed in MP and PSFA.  
 
 Analyses excluding C. monanthogynus – When C. monanthogynus was excluded from 
the life history analyses (Tables 18 and 19), results more closely conform to predictions. 
Annuals now show significant positive trends between all combinations of MP or PSFA 
and minimum or average temperature on the day prior to emergence, particularly when 
average temperature on the day prior to emergence is the independent variable.  
 
 
 
 
 
 
 Discussion 
 
Convergent evolution of MP and PSFA at a single latitude 
  
 The results of this study contribute some support to the theory originally put 
forward by Linder (2000) that seed oil MPs are under selection by germination 
temperature but also provide some evidence contrary to expectations. 
When the full data set or all the data from site T-13 were analyzed, the 
relationships of average and minimum temperature to MP and PSFA conformed to the 
expectation that MP and PSFA of seed oils are positively related to germination 
temperature at a given latitude. The results are consistent whether MP and PSFA are 
assigned to a species’ emergents at random or so that they favor the hypothesis. This 
pattern is contradicted by the results from the full data set from BFL where MP and 
PSFA were either negatively related to germination temperature, opposite of predictions, 
or showed no relationship with germination temperature at all.  
Similarly, there was some support for the hypothesis that annuals are under 
stronger selection to optimize MP and PSFA than plants of other life histories, but it 
varied by site. Overall and at site T-13, the relationship between germination temperature 
and seed oil MP and PSFA more closely fit the hypothesis for annuals than herbaceous 
perennials as predicted. However, results at BFL did not support this hypothesis. 
 Finally, the third hypothesis, that species that germinate at lower temperatures 
possess relatively higher levels of variation in seed oil MP and PSFA was consistently 
supported.  
 
 
 
 Possible explanations for deviations from the theory 
Differences between research sites - The most pressing question raised by this study is 
why T-13 and BFL show such different results. Data from T-13 conformed to 
predictions, yet BFL consistently showed either the opposite relationship from what was 
predicted or no relationship. 
 The difference in the species germinating at the two sites may have been 
important. Only four species occurred at both sites. Five and seven species were unique 
to BFL and T-13, respectively. Whether the differences in results between sites are 
attributable to differences in species compositions could be tested with a reciprocal 
transplant experiment. Seeds could be collected from both sites and then planted in an 
experimental seed bank at both locations. It would support the hypothesis that differences 
in results have come from differences in species composition if seeds from BFL were 
planted at T-13 and continued to show negative and non-significant relationships. If seeds 
from BFL conformed to predictions when transplanted to T-13, however, this would 
suggest that the observed differences between sites were due to some property of the 
locations themselves and not the species compositions observed at either site. 
Only 242 individual were positively identified within the plot at BFL, compared 
to 422 at T-13. Roughly half (120) of the 242 positively identified germinants at BFL 
were R. hirta. Also, only three species (R. hirta, P. helleri and C. monanthogynus) made 
up 208 of the 242 (85.9%) positively identified germinants at BFL. By contrast, 
proportions of germinants among the species at T-13 were more evenly distributed. Many 
more germinants of S. roemeriana (146) were positively identified than any other species, 
but there were also two other species with more than 50 positively identified germinants, 
 and three others with more than 20 positively identified germinants. The six most 
numerous species at T-13 made up 90.8% of total positively identified germinants.  
 It is possible that the central theory being tested in this study is not broadly 
applicable to all species such that certain species may be evolving under the theorized 
relationship between germination temperature and seed oil MP/PSFA and others may not 
be. If so, uneven distributions of germinants for different species could have introduced 
error into these analyses if the seed oil MP and PSFA of species that were heavily 
represented in this study have not evolved by the proposed mechanisms. Also, the 
difference in results between sites may be explained by their different species 
compositions if all or most of the species at T-13 have evolved their seed oil MP in 
accordance with the theory but the species at BFL have evolved their seed oil MPs under 
some other regime of selective pressures.  
 Increased replication and sampling of additional species could determine whether 
the theory and its hypotheses are generally supported in central Texas or not. Additional 
observations at a third locality that still experiences similar weather to BFL and T-13 
could verify which of the two sites utilized in this study actually produced atypical 
results, in regard to the tested theory.  
 There are other differences between the two sites in addition to species 
composition that could have affected the results of this study. BFL is located on the north 
shore of the Colorado River and possesses a mixture of sedimentary soil types. The soil 
in the experimental garden, where replicates at BFL were constructed, is sandy and 
lacking rocks. In contrast T-13 is located in lime stone hills and possesses shallow and 
rocky soil. It is unknown if these site differences could affect the relationships examined 
 in this study, but this could also be tested with a reciprocal transplant experiment. If seeds 
maintained a negative relationship between germination temperature and MP once 
transplanted from BFL to T-13, it would indicate that the differences in tested 
relationships were not due to some intrinsic properties of the locations.  
 BFL received more total rain and three more major rain events than T-13 (Table 
8; Figure 5). This, however, would not explain why BFL did not conform to predictions 
when T-13 did. According to the theory, more frequent precipitation should allow for 
more species to germinate at their optimum temperatures, which would have meant that 
BFL should have conformed more closely to predictions.  
 
Effect of water availability on the relationship between germination temperature and seed 
oil MP and PSFA - It is not clear what effect the exceptional drought experienced in 
central Texas over the course of 2011 may have had on the results of this study. It is 
possible that infrequent precipitation during times of drought could cause species to 
germinate at times when germination temperatures are not optimum. Whether or not the 
drought of 2011 introduced error into the analyses of this study could be tested in several 
ways.  
First, observations of emergence could be conducted over multiple years that will 
receive different levels of precipitation. This makes it likely that seed banks will receive 
different levels of precipitation at different times. Results could be compared between 
years to determine if years that experience more consistent precipitation conform more 
closely to the predictions. 
 Second, this experiment could be replicated in another region at the same latitude 
as Austin, such as east Texas or Louisiana, which regularly experience more, and more 
consistent, rainfall. It is possible that because central Texas regularly experiences years of 
drought the plant populations that live here could be under relaxed selection to optimize 
their MP and PSFA to germination temperature. Irregular rains could be acting to 
maintain variation in seed oil MP and PSFA so that regardless of what temperatures 
rainfall does occur at in any given year, some seeds of each species are more likely to be 
able to germinate and successfully compete to establish. This idea is partially supported 
by the greater variance in MP and PSFA for seeds that germinate at cooler temperatures. I 
predict that plant communities within a region that experiences reliable precipitation from 
year to year will conform more closely to the hypotheses of this theory 
Lastly, this study could be repeated where water availability is controlled. Plots 
could be constructed so that rainwater is excluded and supplemental water applied in 
predetermined regimens. Supplemental water regimens could either allow constant water 
availability or simulate historic rainfall conditions. Rainfall regimens, in terms of 
frequency of precipitation and amount of rainfall per precipitation event could be 
determined from historical weather data. Simulating rainfall conditions may allow 
observation of how seeds germinate under the temperature conditions they have 
experienced during their recent evolutionary history. This could provide the best 
opportunity to observe the hypothesized relationship between germination temperature 
and seed oil MP/PSFA. Regimens could be designed to simulate years of drought and of 
more plentiful rainfall to explore the effect that variation in water availability has on the 
trade off between seed oil energy content and melting point. 
  
MP vs. PSFA 
 MP and PSFA usually had similar relationships with germination temperature, 
although the fit of models was usually different between the two variables. At times MP 
predicted a stronger relationship with a given temperature type, and in other tests PSFA 
predicted the stronger relationship. However, PSFA was validated as a proxy for MP due 
to the consistency in the results for the direction and significance of their slopes. 
 
Minimum vs. average temperature as the selective agent 
 The differences in the results when either minimum temperature or average 
temperature was used as the independent variable did not consistently indicate one as the 
more likely selective gent. The average temperature more often predicted a stronger 
relationship between MP/PSFA and germination temperature. Thus average soil 
temperature may act more directly as the selective agent optimizing seed oil MP and 
PSFA than the minimum temperature experienced by a seed while it is germinating. It is 
clear, however, that the maximum diurnal temperature within the soil is not positively 
related to seed oil MP and PSFA. Maximum temperature during germination never 
predicted any significantly positive relationships with either seed oil MP or PSFA. 
 
Exclusion of C. monanthogynus from analyses 
 The exclusion of C. monanthogynus from analyses did not impact the 
relationships pooled across life history for the entire data set or at either site individually. 
The significantly positive results from T-13 were robust to the exclusion of C. 
 monanthogynus and results from BFL remained negative when C. monanthogynus was 
excluded. 
 The only analyses that conformed more closely to predictions when C. 
monanthogynus was excluded were the regressions of annuals at BFL. Without C. 
monanthogynus relationships between MP/PSFA and minimum/average temperatures 
were significantly positive. Croton monanthogynus possesses the lowest TAG MP of the 
species examined in this study yet germinated at both high and low temperatures (Figure 
5, Table 9). Without C. monanthogynus many high germination temperature/low MP and 
PSFA data points were removed from the regression, and ceased to drive the negative 
relationships observed among annuals at BFL.  
 
Conclusion 
Only equivocal support can be offered by this study for the theory that 
germination temperature selects convergent seed oil melting point and the proportion of 
saturated fatty acids across disparate taxa at a single latitude. Also, only limited support is 
offered for the prediction that the process of selection described in this theory operates 
more strongly on annual species than on species of other life histories. In both cases the 
species at T-13 were strongly consistent with predictions while the other site, BFL, 
contradicts virtually all predictions. There is consistent support, however, for the last 
prediction that species that germinate at cold temperatures exhibit higher variation in 
their seed oil MP and PSFA. 
 
 
 Figures: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Experimental plot configuration 
 
Figure 2: Alternative scenarios with biased and unbiased assignment of   
MP/PSFA to cases in regard to germination temperature. Different colors 
represent different species. Both positive and negative trends are possible with 
infraspecific oil data assignment. Positive or negative trends are maintained 
between assignment methods. 
  
 
 
 
 
 
 
 
 
 
 
Figure 3: Comparison of regression analyses of PSFA and average temperature on day prior to 
emergence performed on the biased data set. a) Analysis performed using only positively identified 
emergents. b) Analysis performed using positively + proportionately identified emergents. Red line 
indicates slope, blue lines indicate 95% confidence interval. 
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Figure 6: Scatter plots of seed oil MP and PSFA and minimum germination temperatures by 
species. Vertical red lines demarcate germination temperature classes. 
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Table 3: Results of Mann-Whitney U tests. 
Species Seed Sources P-value Pooled/Separate 
C. monanthogynus BFL, T-13 <0.001 Separate 
M. minima BFL, T-13 0.939 Pooled 
O. dillenii BFL, T-13 0.119 Pooled 
 
Table 4: Species that occurred in undisturbed treatments. 
Frequency of emergence by species in disturbed and 
undisturbed treatments. 
Species N undisturbed treatment 
N disturbed 
treatment 
C. coronopus 3 4 
C. monanthogynus 28 49 
E. texanum 34 28 
E. sericeus 10 5 
M. minima 72 4 
R. hirta 120 0 
S. roemeriana 91 55 
V. canescens 5 0 
 
Table 5: Effect of Treatment, tested using biased data set. Bolded values denote significantly positive 
relationships. 
Treatment Dependent Variable Independent Variablea Slope P-Value R
2 
Disturbed 
MP 
Minimum 0.184 <0.001 0.181 
Average 0.247 <0.001 0.134 
PSFA 
Minimum 0.211 <0.001 0.232 
Average 0.291 <0.001 0.181 
Undisturbed 
MP 
Minimum 0.166 0.002 0.027 
Average 0.380 <0.001 0.041 
PSFA Minimum 0.087 0.075 0.009 Average 0.225 0.014 0.017 
a) Minimum = Minimum temperature on most recent day of precipitation prior to emergence; 
Average = Average temperature on most recent day of precipitation prior to emergence. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Table 6: Comparison of germination date assumptions and independent variables tested using 
unbiased data set. Bolded values denote significantly positive relationships. 
Dependent 
Variable 
Germination Date 
Assumptiona 
Temperature 
Variableb Slope P-Value R
2 
MP 
Day of Emergence 
Average 0.066 0.025 0.008 
Minimum 0.143 <0.001 0.185 
Maximum 0.017 0.431 0.001 
One Day Prior to 
Emergence 
Average 0.162 <0.001 0.037 
Minimum 0.122 <0.001 0.066 
Maximum -0.230 <0.001 0.134 
Two Days Prior to 
Emergence 
Average 0.158 <0.001 0.050 
Minimum 0.117 <0.001 0.062 
Maximum -0.228 <0.001 0.096 
Three Days Prior to 
Emergence 
Average 0.110 <0.001 0.031 
Minimum 0.093 <0.001 0.042 
Maximum -0.043 0.152 0.003 
MRDP 
Average 0.107 0.001 0.017 
Minimum 0.118 <0.001 0.060 
Maximum -0.295 <0.001 0.070 
PSFA 
Day of Emergence 
Average 0.049 0.083 0.005 
Minimum 0.123 <0.001 0.028 
Maximum 0.009 0.668 0.000 
One Day Prior to 
Emergence 
Average 0.162 <0.001 0.040 
Minimum 0.117 <0.001 0.066 
Maximum -0.225 <0.001 0.140 
Two Days Prior to 
Emergence 
Average 0.150 <0.001 0.049 
Minimum 0.113 <0.001 0.063 
Maximum -0.242 <0.001 0.118 
Three Days Prior to 
Emergence 
Average 0.104 <0.001 0.031 
Minimum 0.088 <0.001 0.040 
Maximum -0.033 0.259 0.002 
MRDP 
Average 0.113 <0.001 0.021 
Minimum 0.114 <0.001 0.061 
Maximum -0.269 <0.001 0.064 
a) Day in Relation to Emergence Date on which Germination is Assumed to have Occurred. 
b) Average = Average Temperature of Putative Germination Date; Minimum = Minimum 
Temperature on Putative Germination Date; Maximum = Maximum Temperature on Putative 
Germination Date. 
 
  
 
 
 
 
 
Table 7: Rank sum comparison of regressions utilizing 5 putative dates for germination. 
Date MP vs. Minimum 
PSFA vs. 
Minimum 
MP vs. 
Average 
PSFA vs. 
Average Rank sum 
Day of Emergence 1 1 5 5 12 
1 day prior to 
emergence 2 2 1 1 6 
2 days prior to 
emergence 4 4 2 2 12 
3 days prior to 
emergence 5 5 3 4 17 
MRDP 3 3 4 3 13 
 
Table 8: Site weather summaries 
 BFL T-13 Difference Between Sites 
Mean Avg. Temp. (C) 25.780 25.169 0.111 
Mean Min. Temp. (C) 15.622 14.997 0.625 
Total Rainfall (mm) 359.41 300.99 58.42 
 
Table 9: Germination temperature by species. 
Species Mean Minimuma 
Range of 
Minimumb Mean Average
c Range of Averaged 
C. coronopus 4.07 3.5;7.5 12.92 9.4;13.5 
C. monanthogynus 11.13 -4.0;20.0 21.40 4.6;31.7 
E. texanum 24.00 -4.6;24.0 24.45 -3.0;30.6 
E. sericeus 8.9 1.0;30.0 15.36 9.4;26.8 
H. hispida 2.15 -3.0;7.5 9.85 4.6;13.5 
H. amarum 4.5 1.5;7.5 10.64 8.2;13.1 
H. linearifolia 3.56 3.5;4.0 13.37 12.0;13.5 
L. hudsonioides 3.82 0.0;11.5 11.08 5.9;21.8 
M. minima 25.40 23.7;27.0 30.15 29.4;30.6 
N. lutea 26.38 24.0;30.0 31.38 22.9;37.9 
O. dillenii 2.50 -3.0;7.5 9.98 5.9;13.5 
P. helleri 3.18 -2.5;11.5 11.34 5.0;21.8 
R. hirta 23.92 22.9;26.8 29.98 29.4;30.0 
S. roemeriana 27.00 26.8;27.0 30.05 30.0;30.6 
V. canescens 4.3 3.5;7.5 12.69 9.4;13.5 
X. dracunculoides 2.87 -4.0;9.0 13.38 4.6;20.2 
a) mean of minimum temperatures experienced on day prior to emergence. 
b) Range of minimum temperatures experienced on day prior to emergence. 
c) Mean of daily averages on day prior to emergence. 
d) Range of daily averages on day prior to emergence. 
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Table 11: Biased oil composition assignment, pooled and by site. Analyses of MP and PSFA using 
average and minimum temperature on the day prior to emergence as independent variables. 
Statistically significant regressions supporting the hypothesis that MP and PSFA increase with 
germination temperature are in bold. 
Dependent 
Variable Independent Variable Site Slope P-Value R
2 
PSFA 
Average Temperature 
on day prior to 
emergence 
Pooled 0.240 <0.001 0.089 
BFL -0.025 0.351 0.004 
T-13 0.377 <0.001 0.243 
Minimum Temperature 
on day prior to 
emergence 
Pooled 0.137 <0.001 0.090 
BFL -0.060 <0.001 0.054 
T-13 0.225 <0.001 0.300 
MP 
Average Temperature 
on day prior to 
emergence 
Pooled 0.243 <0.001 0.084 
BFL -0.097 0.005 0.033 
T-13 0.438 <0.001 0.285 
Minimum Temperature 
on day prior to 
emergence 
Pooled 0.141 <0.001 0.088 
BFL -0.110 <0.001 0.111 
T-13 0.260 <0.001 0.348 
 
Table 12: Unbiased oil composition assignment, pooled and by site. Analyses of MP and PSFA using 
average and minimum temperature on the day prior to emergence as independent variables. 
Statistically significant regressions supporting the hypothesis that MP and PSFA increase with 
germination temperature are in bold. 
Dependent 
Variable 
Independent 
Variable Site Slope P-Value R
2 
PSFA 
Average Temperature 
on day prior to 
emergence 
Pooled 0.162 <0.001 0.040 
BFL -0.110 <0.001 0.073 
T-13 0.299 <0.001 0.163 
Minimum 
Temperature on day 
prior to emergence 
Pooled 0.117 <0.001 0.066 
BFL -0.067 <0.001 0.072 
T-13 0.198 <0.001 0.248 
MP 
Average Temperature 
on day prior to 
emergence 
Pooled 0.162 <0.001 0.037 
BFL -0.187 <0.001 0.137 
T-13 0.359 <0.001 0.199 
Minimum 
Temperature on day 
prior to emergence 
Pooled 0.122 <0.001 0.066 
BFL -0.113 <0.001 0.131 
T-13 0.231 <0.001 0.285 
 
  
 
 
 
 
 
 
 
 
 
Table 13: Biased oil composition assignment, excluding C. monanthogynus, pooled and by site. 
Analyses of MP and PSFA using average and minimum temperature on the day prior to emergence 
as independent variables. Statistically significant regressions supporting the hypothesis that MP and 
PSFA increase with germination temperature are in bold. 
Dependent 
Variable 
Independent 
Variable Site Slope P-Value R
2 
PSFA 
Average Temperature 
on day prior to 
emergence 
Pooled 0.239 <0.001 0.104 
BFL -0.006 0.861 0.012 
T-13 0.229 <0.001 0.208 
Minimum 
Temperature on day 
prior to emergence 
Pooled 0.075 <0.001 0.033 
BFL -0.069 <0.001 0.075 
T-13 0.117 <0.001 0.182 
MP 
Average Temperature 
on day prior to 
emergence 
Pooled 0.240 <0.001 0.097 
BFL -0.077 0.055 0.017 
T-13 0.291 <0.001 0.252 
Minimum 
Temperature on day 
prior to emergence 
Pooled 0.075 <0.001 0.030 
BFL -0.124 <0.001 0.147 
T-13 0.156 <0.001 0.240 
 
 
Table 14: Unbiased oil composition assignment, excluding C. monanthogynus, pooled and by site. 
Analyses of MP and PSFA using average and minimum temperature on the day prior to emergence as 
independent variables. Statistically significant regressions supporting the hypothesis that MP and 
PSFA increase with germination temperature are in bold. 
Dependent 
Variable 
Independent 
Variable Site Slope P-Value R
2 
PSFA 
Average Temperature 
on day prior to 
emergence 
Pooled 0.187 <0.001 0.063 
BFL -0.056 0.046 0.019 
T-13 0.170 <0.001 0.109 
Minimum 
Temperature on day 
prior to emergence 
Pooled 0.063 <0.001 0.023 
BFL -0.074 <0.001 0.106 
T-13 0.100 <0.001 0.125 
MP 
Average Temperature 
on day prior to 
emergence 
Pooled 0.180 <0.001 0.054 
BFL -0.143 <0.001 0.076 
T-13 0.227 <0.001 0.144 
Minimum 
Temperature on day 
prior to emergence 
Pooled 0.062 <0.001 0.021 
BFL -0.126 <0.001 0.191 
T-13 0.134 <0.001 0.167 
 
 
Table 15: Results of directional t-test between variance of PSFA 
and MP of high and low temperature germinating species 
Variable Tested Difference in Means P-Value 
PSFA 4.703 0.048 
MP 3.750 0.036 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 16: Biased oil composition assignment, pooled and by life history category and site. Analyses 
of MP and PSFA using average and minimum temperature on the day prior to emergence as 
independent variables. Statistically significant regressions supporting the hypothesis that MP and 
PSFA increase with germination temperature are in bold. 
Site Ind. Variable Dep. Variable Life History Slope P-value R
2 
Pooled 
Minimum 
MP 
Annual 0.238 <0.001 0.283 
Perennial 0.025 0.579 0.001 
PSFA 
Annual 0.252 <0.001 0.324 
Perennial -0.042 0.312 0.003 
Average 
MP 
Annual 0.230 <0.001 0.097 
Perennial 0.424 <0.001 0.105 
PSFA 
Annual 0.257 <0.001 0.124 
Perennial 0.324 <0.001 0.070 
BFL 
Minimum 
MP 
Annual -0.222 <0.001 0.174 
Perennial -0.175 0.141 0.016 
PSFA 
Annual -0.121 <0.001 0.149 
Perennial -0.143 0.023 0.038 
Average 
MP 
Annual -0.156 <0.001 0.126 
Perennial 0.522 <0.001 0.207 
PSFA 
Annual -0.092 <0.001 0.128 
Perennial 0.510 <0.001 0.241 
T-13 
Minimum 
MP 
Annual 0.267 <0.001 0.360 
Perennial 0.194 <0.001 0.188 
PSFA 
Annual 0.248 <0.001 0.320 
Perennial 0.123 <0.001 0.116 
Average 
MP 
Annual 0.416 <0.001 0.240 
Perennial 0.391 <0.001 0.233 
PSFA 
Annual 0.389 <0.001 0.216 
Perennial 0.263 <0.001 0.162 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 17: Unbiased oil composition assignment, pooled and by life history category and site. 
Analyses of MP and PSFA using average and minimum temperature on the day prior to emergence as 
independent variables. Statistically significant regressions supporting the hypothesis that MP and 
PSFA increase with germination temperature are in bold. 
Site Ind. Variable 
Dep. 
Variable Life History Slope P-value R
2 
Pooled 
Minimum 
MP 
Annual 0.212 <0.001 0.221 
Perennial 0.004 0.924 0.000 
PSFA 
Annual 0.220 <0.001 0.248 
Perennial -0.054 0.186 0.006 
Average 
MP 
Annual 0.133 0.001 0.032 
Perennial 0.333 <0.001 0.064 
PSFA 
Annual 0.150 <0.001 0.043 
Perennial 0.266 <0.001 0.122 
BFL 
Minimum 
MP 
Annual -0.330 <0.001 0.309 
Perennial -0.178 0.068 0.024 
PSFA 
Annual -0.260 <0.001 0.439 
Perennial -0.320 0.001 0.083 
Average 
MP 
Annual -0.288 <0.001 0.353 
Perennial 0.311 <0.001 0.108 
PSFA 
Annual -0.225 <0.001 0.489 
Perennial 0.326 <0.001 0.125 
T-13 
Minimum 
MP 
Annual 0.233 <0.001 0.299 
Perennial 0.175 <0.001 0.139 
PSFA 
Annual 0.213 <0.001 0.262 
Perennial 0.115 <0.001 0.092 
Average 
MP 
Annual 0.316 <0.001 0.154 
Perennial 0.336 <0.001 0.092 
PSFA 
Annual 0.277 <0.001 0.122 
Perennial 0.244 <0.001 0.126 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 18: Biased oil composition assignment, excluding C. monanthogynus pooled and by life 
history category and site. Analyses of MP and PSFA using average and minimum temperature on 
the day prior to emergence as independent variables. Statistically significant regressions 
supporting the hypothesis that MP and PSFA increase with germination temperature are in bold. 
Site Ind. Variable 
Dep. 
Variable Life History Slope P-value R
2 
Pooled 
Minimum 
MP 
Annual 0.190 <0.001 0.418 
Perennial 0.206 <0.001 0.179 
PSFA 
Annual 0.210 <0.001 0.455 
Perennial 0.136 <0.001 0.120 
Average 
MP 
Annual 0.363 <0.001 0.465 
Perennial 0.303 <0.001 0.140 
PSFA 
Annual 0.397 <0.001 0.498 
Perennial 0.220 <0.001 0.112 
BFL 
Minimum 
MP 
Annual 0.287 0.045 0.054 
Perennial -0.175 0.141 0.016 
PSFA 
Annual 0.191 0.019 0.073 
Perennial -0.243 0.023 0.038 
Average 
MP 
Annual 0.839 <0.001 0.451 
Perennial 0.522 <0.001 0.207 
PSFA 
Annual 0.412 <0.001 0.332 
Perennial 0.510 <0.001 0.241 
T-13 
Minimum 
MP 
Annual 0.141 <0.001 0.329 
Perennial 0.194 <0.001 0.188 
PSFA 
Annual 0.120 <0.001 0.261 
Perennial 0.123 <0.001 0.116 
Average 
MP 
Annual 0.255 <0.001 0.309 
Perennial 0.391 <0.001 0.233 
PSFA 
Annual 0.231 <0.001 0.278 
Perennial 0.263 <0.001 0.162 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 19: Unbiased oil composition assignment, excluding C. monanthogynus pooled and by life 
history category and site. Analyses of MP and PSFA using average and minimum temperature on 
the day prior to emergence as independent variables. Statistically significant regressions supporting 
the hypothesis that MP and PSFA increase with germination temperature are in bold. 
Site Ind. Variable 
Dep. 
Variable 
Life 
History Slope P-value R
2 
Pooled 
Minimum 
MP Annual 0.176 <0.001 0.354 
Perennial 0.004 0.924 0.000 
PSFA 
Annual 0.193 <0.001 0.386 
Perennial -0.054 0.186 0.006 
Average 
MP Annual 0.299 <0.001 0.310 
Perennial 0.333 <0.001 0.064 
PSFA Annual 0.326 <0.001 0.338 
Perennial 0.266 <0.001 0.047 
BFL 
Minimum 
MP 
Annual 0.335 0.014 0.080 
Perennial -0.178 0.068 0.024 
PSFA 
Annual 0.086 0.255 0.018 
Perennial -0.320 0.001 0.083 
Average 
MP Annual 0.307 0.027 0.066 
Perennial 0.311 <0.001 0.108 
PSFA 
Annual 0.023 0.764 0.001 
Perennial 0.326 <0.001 0.125 
T-13 
Minimum 
MP 
Annual 0.116 <0.001 0.218 
Perennial 0.175 <0.001 0.125 
PSFA Annual 0.097 <0.001 0.169 
Perennial 0.115 <0.001 0.092 
Average 
MP 
Annual 0.178 <0.001 0.148 
Perennial 0.336 <0.001 0.156 
PSFA 
Annual 0.144 <0.001 0.107 
Perennial 0.244 <0.001 0.126 
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